The impact of nutritional status during fetal life on the overall health of adults has been recognized 1 ; however, dietary effects on the developing immune system are largely unknown. Development of secondary lymphoid organs occurs during embryogenesis and is considered to be developmentally programmed 2,3 . Secondary lymphoid organ formation depends on a subset of type 3 innate lymphoid cells (ILC3) named lymphoid tissue inducer (LTi) cells 2-5 . Here we show that mouse fetal ILC3s are controlled by cell-autonomous retinoic acid (RA) signalling in utero, which pre-sets the immune fitness in adulthood. We found that embryonic lymphoid organs contain ILC progenitors that differentiate locally into mature LTi cells. Local LTi cell differentiation was controlled by maternal retinoid intake and fetal RA signalling acting in a haematopoietic cell-autonomous manner. RA controlled LTi cell maturation upstream of the transcription factor RORct. Accordingly, enforced expression of Rorgt restored maturation of LTi cells with impaired RA signalling, whereas RA receptors directly regulated the Rorgt locus. Finally, we established that maternal levels of dietary retinoids control the size of secondary lymphoid organs and the efficiency of immune responses in the adult offspring. Our results reveal a molecular link between maternal nutrients and the formation of immune structures required for resistance to infection in the offspring.
Haematopoietic cells that initially colonize secondary lymphoid organ (SLO) sites include CD3 2 c-Kit 1 IL-7Ra 2 a4b7 1 CD11c 1 CD4 2 lymphoid tissue initiator (LTin) cells and the prototypical member of type 3 ILCs, LTi cells 2-7 . Although most LTi cells express CD4, this is a late event in LTi differentiation and not all RORct 1 LTi cells express this marker 5, 6, 8, 9 . Thus, we proposed that CD3 2 IL-7Ra 1 a4b7 1 ID2 1 c-Kit 1 CD11c 2 CD4 2 ILCs (hereafter called ILC 4neg cells) receive local cues giving rise to ID2 1 RORct 1 CD4 1 LTi cells (LTi 4 ) within developing SLOs. Notably, enteric ILC 4neg cells include mainly ID2 1 RORct 1 CD4 2 LTi cells (LTi 0 ) but also a small fraction of ID2 1 RORct 2 CD4 2 precursors with LTi cell potential (hereafter called pre-ILC cells) 9 . In contrast, nearly 100% of lymph node ILC 4neg cells are LTi 0 cells (Extended Data Fig. 1a, b ). Analysis of embryonic day 12.5 (E12.5) guts revealed that ILC 4neg cells are the only appreciable IL-7Ra 1 colonizing cells ( Fig. 1a, b) . Accordingly, non-cycling mature Sca1 2 LTi 4 cells increased throughout development, seemingly at the expense of Sca1 1 ILC 4neg cells (Fig. 1a-c and Extended Data Fig. 1c ). Further evidence that ILC 4neg cells differentiate locally was provided by organ cultures and transplantation of E12.5 intestines. Despite absence of fetal liver output in these settings, LTi 4 cells increased with time at the expense of local ILC 4neg cells (Fig. 1d, e ). Furthermore, in E14.5 Rorgt 2/2 embryos, ILC 4neg cells were attracted to the intestine and lymph nodes, supporting initial anlagen colonization by these cells (Extended Data Fig. 1d, e ).
Notably, RA stimulation of E13.5 lymph node cells showed increased frequency of LTi 4 cells and reduction of ILC 4neg cells, indicating that differentiation of LTi 4 cells is regulated by RA ( Fig. 1f ). To confirm the effect of RA in LTi differentiation in vivo, pregnant mice received a RAenriched diet starting at E10.5. Supplementation of RA increased the proportion of LTi 4 cells in the embryo, to the detriment of ILC 4neg cells ( Fig. 1f ). In agreement with this finding, provision of the RA signalling inhibitor BMS493 to pregnant female mice resulted in a decrease of fetal LTi 4 cells despite normal frequency of fetal liver progenitors and enteric haematopoietic cells ( Fig. 1f and Extended Data Fig. 1f ). Consequently, despite normal embryo size, BMS493 administration led to a reduction in lymph node dimensions and Peyer's patch developmental failure ( Fig. 1g -i and Extended Data Fig. 1g ). Collectively, our data indicate that maternal retinoids control LTi cell differentiation within developing SLOs.
RA is a vitamin A metabolite that controls early vertebrate development, some immune processes in adulthood, and has been shown to mediate CXCL13 expression in fetal mesenchymal cells [10] [11] [12] [13] [14] [15] [16] . RA binds to heterodimers formed by the RA receptors (RARs) and retinoid X receptors (RXRs), which bind DNA RA response elements (RAREs) 11 . To address putative RA cell-autonomous responses, we assessed RAR and RXR expression in E15.5 ILC 4neg , LTi 4 and LTin cells. RARs and RXRs were predominantly expressed by ILC 4neg and LTi 4 cells, whereas LTin cells expressed these molecules at lower levels ( Fig. 2a ). RA stimulation revealed that only ILC 4neg and LTi 4 cells respond robustly, as shown by Rarb upregulation (Fig. 2b) 16 . Together, these data indicate that impaired SLO development in BMS493-treated mice might be the consequence of RA signal ablation in LTi cells. To test this hypothesis we used a lineage-targeted model to block RA signalling. We used a mouse line in which a truncated form of the RARa gene was knocked into the ROSA26 locus preceded by a triple polyadenylation signal flanked by two loxP sites (ROSA26-RARa403). This line was bred to Vav-iCre mice that in contrast to other tested Cre lines ensured Cre activity in fetal LTin, ILC 4neg and LTi 4 cells (Extended Data Fig. 2a-d) 17, 18 . Despite normal frequencies of fetal liver precursors, and SLO LTin, ILC 4neg and LTi 0 cells, Vav-iCre/ROSA26-RARa403 embryos (Rar mice) revealed a dose-dependent reduction of LTi 4 cells (Fig. 2c, d and Extended Data Fig. 3a-f ). To assess whether the differentiation potential of ILC 4neg cells is controlled by RA thresholds, we cultured purified ILC 4neg cells from Rar heterozygous (Rar Het ), homozygous (Rar Hom ) and wild-type littermate control mice. Whereas wild-type ILC 4neg cells upregulated pro-inflammatory cytokines and chemokines and gave rise to LTi 4 cells in vitro, these were impaired proportionally to the degree of RA signalling abrogation in ILC 4neg cells ( Fig. 2e , f and Extended Data Fig. 3g ). Finally, despite normal frequency of colonizing ILC 4neg cells ( Fig. 2d) , In vitro differentiation 
RESEARCH LETTER
haematopoietic cell-autonomous impairment of RA responses resulted in severely diminished fetal lymph node size and reduced number of minute Peyer's patches (Fig. 2g , h and Extended Data Fig. 3h ). Our data indicate that LTi cell differentiation is controlled by cell-autonomous RA signalling in developing SLOs. Previous reports have identified key LTi cell regulators 2 . Mice mutant for the transcription factors ID2 and RORct lack LTi cells and do not develop SLOs 19, 20 . Runx1, Tox and Notch1 were also implicated in LTi cell maturation 9,21-23 . We found that whereas most LTi-related genes were normally expressed in Rar Hom and Rar Het ILC 4neg and LTi 4 cells, Runx1 was increased and Rorgt was reduced ( Fig. 3a and Extended Data Fig. 4a-d ). Expression of pro-inflammatory genes was also reduced in Rar Hom and Rar Het ILC 4neg and LTi 4 cells ( Fig. 3a and Extended Data Fig. 4b-d ). The marked reduction of Rorgt expression suggested that RA could provide ILC 4neg cells with signals leading to Rorgt regulation. Accordingly, RA stimulation of ILC 4neg cells resulted in Rorgt upregulation whereas most other transcription factors were unperturbed, notably Runx1 (Fig. 3b ). In agreement, BMS493 inhibited RA-induced Rorgt expression, and efficient block of RORct by digoxin prevented RA-induced differentiation of ILC 4neg cells into LTi 4 cells, while cell viability was unaffected ( Fig. 3c and Extended Data Fig. 5a -c). To test further whether RA-induced LTi maturation requires RORct, we determined if differentiation of RAR dominant-negative ILC 4neg cells is restored by enforced Rorgt expression. Retroviral transduction of Rorgt revealed that RAR dominant-negative ILC 4neg cells restored high levels of pro-inflammatory genes and reacquired their potential to differentiate towards LTi 4 cells ( Fig. 3d-f ). Further evidence that RA can directly regulate Rorgt expression was provided by computational analysis of potential RARE sites and chromatin immunoprecipitation (ChIP) with pan-RAR and RXR antibodies. RA stimulation resulted in increased binding of RAR and RXR upstream and within the Rorgt locus (Fig. 3g , h and Extended Data Table 1 ). To analyse the role of these sites we introduced the RARE C (25,478 Rorg transcription start site (TSS)), E (21,800 Rorg TSS) and G (21,619 Rorgt TSS) half-sites in a luciferase reporter vector. Mutations in these sites resulted in significant reduction of the regulatory function of these elements as measured by luciferase activity (Fig. 3i ). Thus, cell-autonomous RA signalling provides LTi cells with critical differentiation signals via direct regulation of Rorgt.
Our data indicate that mature LTi cell numbers regulate the size of SLO primordia and may determine lymphoid organ size in adulthood 24 . Rar Het adult mice had reduced SLOs and lymphocyte numbers when compared to their wild-type littermate controls (Fig. 4a, b and Extended Data Fig. 6a, b ). In agreement, mice that received a vitamin-A-deficient (VAD) diet throughout life had reduced lymphoid organ size when compared to vitamin-A-control mice (VAC) (Fig. 4c ). However, because Rar Het and VAD lymphocytes are continuously exposed to altered levels of RA signals, it is possible that SLO size might be a consequence of altered lymphocyte pools [12] [13] [14] [15] . To clarify this issue, we provided pregnant mice with a vitamin-A-high (VAH), VAD or VAC diet and switched all diets to the same VAC diet after birth. At 10 weeks of age mice that were exposed to a VAH diet exclusively in utero had larger SLOs, whereas mice exposed to a VAD diet had small SLOs when compared to VAC control mice ( Fig. 4d ). Notably, provision of variable vitamin A diet levels exclusively after birth no longer controlled SLO size (Extended Data Fig. 6c, d ). Additional evidence that RA determines SLO size in early life was provided by transplantation of CD45.1 wild-type bone marrow into lethally irradiated Rar Het (WTRRar Het ) or wild-type (WTRWT) CD45.2 littermate control hosts at 2 weeks of age ( Fig. 4e ). Thus, we generated mice that pre-and perinatally received low input of RA signals in haematopoietic cells, but that on transplantation harbour a normal wild-type haematopoietic system. WTRRar Het mice, which received low RA cues in utero, exhibited small SLOs when compared to their WTRWT counterparts at 8 weeks after transplantation ( Fig. 4f , g and Extended Data Fig. 6e , f). This phenotype also revealed reduced lymphocyte numbers, albeit normal SLO organization and similar haematopoietic cell reconstitution ( Fig. 4h and Extended Data Figs 6f and 7a-d).
In agreement, dendritic cells from WTRRar Het or WTRWT chimaeras had similar capacity to activate lymphocytes (Extended Data Fig. 7e , f).
Our data indicate that available RA in utero regulates the size of lymphocyte pools in the offspring, with possible consequences on their adaptive immune responses. To test this hypothesis, WTRRar Het or WTRWT chimaeras were infected intranasally with murid herpesvirus-4, resulting in acute lung infection. Analysis of draining intrathoracic lymph nodes revealed reduced expansion but normal frequency of CD8 1 T cells specific for the viral epitopes ORF61 and ORF75c in WTRRar Het mice ( Fig. 4i and Extended Data Fig. 8a-c) . Consequently, whereas 
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WTRWT chimaeras efficiently cleared lytic virus by day 10, high viral titres were still detected in WTRRar Het chimaeras 14 days after infection ( Fig. 4j) 25 . Thus, a deficit of RA signals within haematopoietic cells in early life results in small SLOs and poor capacity to control infection. Defining the requirements that control SLO development is essential to understand how immunity may be regulated. We now show that RA controls LTi cells, regulating LTi pro-inflammatory genes and the frequency of LTi 4 cells (Extended Data Fig. 9 ). RA operates in a cellautonomous fashion, via RORct, although additional factors regulate Rorgt in ILC3s.
SLO development has been considered to be developmentally programmed; we now show that formation of these structures can be also controlled by dietary signals. Thus, in addition to the established impact of dietary plant-derived chemicals in postnatal immune cells, our work reveals dietary retinoids as key regulators of pre-natal ILCs with a lifelong impact on adult lymphoid organ size [26] [27] [28] . It was previously shown that complete absence of lymphoid organs leads to long-life virus persistence 29 . Our data reveal that the efficiency of adaptive immune responses to infection and possibly to other immune insults may be pre-tuned in early life through dietary signals from maternal origin.
We report here that cell-autonomous RA signalling is a key axis for Rorgt expression and LTi cell differentiation within developing SLOs. Similarly, RA may also be important after birth in infection and chronic inflammatory diseases 30 . Lineage-targeted strategies will be central to elucidate the contribution of dietary retinoids in these outcomes.
METHODS SUMMARY
Mice were maintained at Instituto de Medicina Molecular (IMM) or VU University Medical Centre according to national and international guidelines. Bone marrow cells were isolated from 8-week-old C57BL/6 CD45.1 mice and injected intravenously into 2-week-old lethally irradiated CD45.2 ROSA26-RARa403 Het (WTRRar Het ) or wild-type littermate controls (WTRWT). C57BL/6 female mice received either vitamin-A-deficient (VAD), with no vitamin A (vitamin free casein), vitamin-Ahigh (VAH, 25,000 IU kg 21 ) or vitamin-A-control (VAC, 4,000 IU kg 21 ) diets. Retinoic acid was provided to pregnant mice from E10.5 until they were euthanized. Quantitative real-time PCR with reverse transcription (RT-PCR) was performed as previously described 6, 7, 10 . Computational analysis was performed with TESS. DNA-protein complexes were immunoprecipitated using antibodies against mouse pan-RAR, pan-RXR or control IgG. 31) , and OT1 Tg Rag1 2/2 (refs 36, 37) mice were previously described. Tamoxifen (2 mg per female) was injected daily into Id2-creERT2 pregnant females from E8.5 to E13.5. All animal experiments were approved by national and institutional ethical committees: Direção Geral de Veterinária and Instituto de Medicina Molecular (IMM) ethical committee and Animal Experimental Committee, VU University (VUMC). Power analysis was performed to estimate the number of experimental mice. Bone marrow transplantation. Bone marrow cells were isolated from 8-week-old C57BL/6 CD45.1 mice and 5 3 10 6 cells were injected intravenously into 2-weekold lethally irradiated (1,000rad) CD45.2 ROSA26-RARa403 Het (WTRRar Het ) or CD45.2 wild-type littermate controls (WTRWT). Vitamin A diets. C57BL/6 female mice received either vitamin-A-deficient (VAD), with no vitamin A (vitamin free casein), vitamin-A-high (VAH, 25,000 IU kg 21 ) or vitamin-A-control (VAC, 4,000 IU kg 21 ) diet at E8.5 or 2 weeks before coitus in Fig. 4d . Diets were purchased from MP Biomedical (AIN93M feed, Solon) (see below). RA is rapidly degraded under normal light and temperature conditions; thus it is unlikely that bioactive RA is present in normal diets. Therefore, bioactive RA levels in the differently used diets or normal chow is negligible. Analysis of the adult offspring with lifelong diet (mice kept under VAD, VAH or VAC diet until analysis) was performed at 10 weeks of age. Analysis of the adult offspring with pre-and perinatal VAH and VAD diet (in utero) was performed at 10 weeks of age (all mice were switched to the same VAC diet after birth). Post-birth diet experiments (VAD, VAH and VAC) were initiated at 6 weeks of age and analysed at 13 weeks of age. For adult SLO analysis axillary, brachial, inguinal and intrathoracic lymph nodes and Peyer's patches were carefully dissected. Dimensions were determined using a Zeiss Stereo Lumar V12 microscope with a Zeiss Neolumar S 0.8X objective and weights determined with precision scales (Sartorius). The vitamin-A-deficient diet had similar composition to the control diet but with no added vitamin A palmitate. Vitamin-A-high diet contained 1 g vitamin A palmitate (250,000 U g 21 ) per 10 kg of diet. Thus, 10 kg of vitamin-A-control diet was composed of 4,657 g corn starch, 1,400 g vitamin free casein, 1,550 g dextrinized corn starch, 1,000 g sucrose, 400 g soybean oil, 500 g Alphacel non-nutritive bulk, 350 g AIN-93M mineral mix, 108 g L-cystine, 25 g choline bitartrate, 0.080 g T-butyl hydroquinone, 0.3 g niacin, 0.16 g D-calcium pantothenate, 0.07 g pyridoxine HCl, 0.06 g thiamine HCl, 0.06 g riboflavin, 0.02 g folic acid, 0.002 g biotin, 0.25 g vitamin B-12 (0.1% Trit), 3 g alpha tocopherol powder (250 U g 21 ), 0.16 g vitamin A palmitate (250,000 U g 21 ), 0.025 g vitamin D3 (400,000 U g 21 ), 0.008 g phylloquinone and 96 g powder sugar.
Retinoic acid and BMS493 treatment. For in vivo stimulation, retinoic acid was provided to pregnant mice as previously described 38 . In short, mice were mated overnight and the day of vaginal plug detection was marked as E0.5. Retinoic acid supplemented food was given from E10.5 until death (Sigma-Aldrich, 250 mg g 21 chow or vehicle, that is, ethanol). Food was stored in the dark at 4 uC and refreshed every day until death. For in vivo blocking of retinoic acid signalling, pregnant C57BL/6 mice were treated with pan-RAR inverse agonist BMS493 (Tocris Bioscience) (5 mg kg 21 ) or vehicle (DMSO) 1:10 in corn oil. Kidney capsule and ex-vivo differentiation assay. E12.5 intestines (CD45.2) were transplanted under the kidney capsule of anaesthetized 6-7-week-old C57BL/6 CD45.1 mice. For explant organ cultures E12.5 intestines were micro-dissected and cultured as previously described 6, 39 . Intestines were digested with collagenase D (5 mg ml 21 ; Roche) and DNase I (0.1 mg ml 21 ; Roche) and were analysed by flow cytometry. Confocal microscopy. Gut whole-mount analysis was performed as previously described 6, 39 . For embryo whole-mount analysis, E15.5 mice were fixed with 4% paraformaldehyde and incubated in blocking/permeabilizing buffer (PBS containing 10% fetal bovine serum, 2% BSA and 0.3% Triton X-100). Embryos were incubated at 4 uC overnight with primary and secondary antibodies. Samples were cleared using benzyl-alcohol-benzyl-benzoate (BABB) and were imaged in a Zeiss LSM 710 (Carl Zeiss) using EC Plan-Neofluar 103/0.30 M27 and objective Plan Apochromat 20x/0.8 M27. Images were processed using Zeiss LSM Image Browser 4.2 software (Carl Zeiss).
Immunofluorescence analysis of embryo sections was performed as previously described 10 . Briefly, samples were formalin-fixed and 8 mm cryosections were dehydrated in acetone for 10 min. Sections were air-dried for 10 min. Cryosections were post-fixed 30 min with 1% formalin, pre-incubated for 1 h with PBS containing 10% normal goat serum and 0.2% Triton X-100. Sections were incubated 90 min with primary and secondary antibodies in PBS containing 0.2% Triton X-100 and 2% normal goat serum. Sections were embedded in Mowiol with DAPI (Calbiochem) and analysed using Leica SP2 confocal laser scanning microscope.
For immunofluorescence analysis of adult lymph nodes, samples were snap frozen in isopenthane pre-cooled in liquid nitrogen and kept at 280 uC. Lymph nodes were sectioned (5 mm sections), fixed with 4% paraformaldehyde for 10 min and incubated in blocking/permeabilizing buffer (PBS containing 10% fetal bovine serum, 2% BSA and 0.3% Triton X-100). Samples were incubated with primary and secondary antibodies overnight or for 2 h in PBS containing 10% fetal bovine serum, 2% BSA and 0.3% Triton X-100. Sections were mounted in Mowiol with DAPI (Calbiochem). Images were acquired on Zeiss LSM 710 (Carl Zeiss) using EC Plan-Neofluar 103/0.30 M27 and objective Plan Apochromat 203/0.8 M27. Images were processed using Zeiss LSM Image Browser 4.2 software (Carl Zeiss). Flow cytometry analysis and cell sorting. Embryonic guts and lymph nodes were collected, digested with collagenase D (5 mg ml 21 ; Roche) or Blenzyme 2 (0.5 mg ml 21 , Roche) and DNase I (0.1 mg ml 21 ; Roche) in DMEM, 3% FBS for approximately 40 min at 37 uC under gentle agitation. Fetal liver, adult spleen and lymph node cell suspensions were obtained using 70 mm strainers. Lineage (Lin) was: Ter119, TCRb, CD3e, CD19, NK1.1, CD11c and Gr1. Flow cytometry analysis and cell sorting were performed using FORTESSA, FACSCanto I, FACSAria I and II flow cytometers (BD Biosciences), MoFlo XDP or Cyan ADP flow cytometer (Beckman Coulter). Data analysis was done using FlowJo software (Tristar). Sorted populations were .95% pure. Cell culture and viral transduction. For in vitro stimulation, lymph node embryonic cells were collected as previously described 10 . Tissues were digested with Blenzyme 2 (0.5 mg ml 21 , Roche), DNaseI (0.2 mg ml 21 , Roche) in PBS for 15 min at 37 uC while stirring constantly. Cell suspensions were washed with RPMI (Invitrogen), supplemented with 2% heat-inactivated FCS, 100 U ml 21 penicillin, and 100 mg ml 21 streptomycin. For retinoic acid stimulation experiments, all-trans retinoic acid (Sigma-Aldrich) dissolved at 10 mM in 100% ethanol was added at 100 nM as previously described 10 . After 24 h incubation at 37 uC and 5% CO 2 , cells were isolated and analysed by flow cytometry and RT-PCR. Efficiency of RA treatment was assessed by expression of the RA target gene Rarb (ref. 16 ).
Digoxin (Sigma-Aldrich) was dissolved in ethanol at 10 mM and used at 10 mM, as previously described 40 . Efficiency of digoxin treatment was assessed by expression of the RORct target genes Il1r1, Il17a, Il23r, Ccr6, Ccl20 and Csf2 (ref. 40) .
For treatment of ILC 4neg cells in vitro, guts and lymph nodes from E15.5 embryos were collected, digested with collagenase D (5 mg ml 21 ; Roche) and DNaseI (0.1 mg ml 21 ; Roche) in DMEM, 3% FBS, for approximately 40 min at 37 uC with gentle agitation. Total cell suspension or flow cytometry sorted cells were starved overnight and stimulated with all-trans retinoic acid (Sigma-Aldrich, 1 mM) or vehicle (DMSO, 0.0015%, Sigma-Aldrich) for 24 h at 37 uC and 5% CO 2 . Cells were analysed by flow cytometry or quantitative real-time RT-PCR. For cell culture, ILC 4neg cells were sorted from E15.5 guts and lymph nodes and suspended in culture medium OPTI MEM (Invitrogen) supplemented with 20% FBS, penicillin and streptomycin (respectively 50 U and 50 mg ml 21 , Invitrogen), sodium pyruvate (1 mM, Invitrogen) and b-mercaptoethanol (50 mM, Invitrogen) and recombinant murine RANK ligand (rRANKL; 50 ng ml 21 ; Peprotech). Cells were seeded into flat-bottom 96well plates previously coated with 3,000-rad-irradiated OP9 stromal cells for 6 days. E15.5 ILC 4neg cells from RAR dominant-negative and wild-type littermate controls were sorted and transduced with pMig.IRES-GFP retroviral empty vector or containing Rorgt in the presence of polybrene (0.8 mg ml 21 ; Sigma-Aldrich). pMig.IRES-Rorgt was a gift from D. R. Littman (Addgene plasmid no. 24069). Transduced cells were cultured for 6 days. Cultured cells were trypsinized and directly analysed by flow cytometry or FACS sorted and analysed by RT-PCR. Quantitative RT-PCR. Total RNA was extracted using RNeasy micro kit (Qiagen) or using Trizol (Invitrogen) according to the manufacturer's protocol. RNA concentration was determined using Nanodrop Spectrophotometer (Nanodrop Technologies). Quantitative real-time RT-PCR was performed as previously described 6, 7, 10 . TaqMan specific primers and probes were from Applied Biosystems. TaqMan Gene Expression Assays were the following: Gapdh Mm99999915_g1; Hprt1 Mm0 0446968_m1; Id2 Mm00711781_m1; Runx1 Mm01213405_m1; Lta Mm004402 28_gH; Trance Mm00441906_m1; Cxcl10 Mm00445235_m1; Cxcr5 Mm0043208 6_m1; Ccr6 Mm99999114_s1; Cxcl3 Mm01701838_m1; Tnfa Mm00443260_g1; Cxcl1 Mm04207460_m1; Nfkbiz Mm00600522_m1; Cxcl2 Mm00436450_m1; Klf4
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Extended Data Figure 1 | Fetal ILCs. a, ILC subsets in fetal gut and lymph nodes (LNs). b, E15.5 intestines and lymph node cells were purified from Id2 GFP and wild-type mice. Id2 GFP and RORct expression are shown in ILC 4neg (CD3 2 IL-7Ra 1 a4b7 1 ID2 1 c-Kit 1 CD11c 2 CD4 2 ) and LTi 4 (CD3 2 IL-7Ra 1 a4b7 1 ID2 1 c-Kit 1 CD11c 2 RORct 1 CD4 1 ) cells. c, E13.5 and E14.5 Ly6A-GFP anlagen lymph nodes were stained with GFP, IL-7Ra and Ki67 antibodies and analysed by confocal microscopy. d, E14.5 Rorgt 2/2 mesenteric lymph nodes were stained with podoplanin, IL-7Ra and CD45 antibodies and analysed by confocal microscopy. e, Percentage of E16.5 ILC 4neg and LTi 4 cells gated in CD45 1 CD3 2 CD11c 2 determined by flow cytometry in Rorgt 1/1 and Rorgt 2/2 intestines. Data are representative of three independent experiments. f, Left: pregnant mice received RAR antagonist BMS493 or the vehicle DMSO from E10.5 until E13.5. The ratio LTi 4 /ILC 4neg cells in the fetal liver was determined at E13.5; n 5 8. Right: pregnant mice received BMS493 or the vehicle DMSO. Frequency of colonizing haematopoietic cells was determined in E17.5 intestines by flow cytometry; n 5 4. g, Pregnant hCD2-GFP mice were administered BMS493 or DMSO from E10.5 until E13.5. Embryos were analysed at E17.5; n 5 13. Arrowheads show anlagen lymph nodes. Scale bars: 50 mm (c, d); 500 mm (g). Error bars show s.e. Two-tailed t-test P values are indicated. *P , 0.05; **P , 0.01; ***P , 0.001. NS, not significant.
Extended Data Figure 4 | Gene expression patterns in ILC 4neg and LTi 4 cells. a, E15.5 intestines from Rar Hom and wild-type littermate controls were brought to suspension and analysed by flow cytometry. Upper panel: RORct expression. Lower panel: mean fluorescence intensity of RORct expression in ILC 4neg cells; n 5 3. b, ILC 4neg cells were purified from E15.5 Rar Het and wild-type littermate control intestines and lymph nodes. Quantitative RT-PCR analysis was performed. Results show log 2 fold increase to wild type. Results were normalized to Hprt1 and Gapdh. Results from three independent measurements are shown. c, d, LTi 4 cells were purified from E15.5 Rar Het (c), Rar Hom (d) and wild-type littermate control intestines and lymph nodes. Quantitative RT-PCR analysis was performed. Results show log 2 fold increase to wild type. Results were normalized to Hprt1 and Gapdh. Data from three independent measurements are shown. Two-tailed t-test P values are indicated. *P , 0.05; **P , 0.01; ***P , 0.001. ND, not detected.
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